Epidemiologic studies associate exposure to ambient particulate matter (APM) with increased cardiovascular mortality. Since both pulmonary inflammation and systemic circulation of ultrafine particles are hypothesized as initiating cardiovascular effects, we examined responses of potential target cells in vitro. Human aortic endothelial cells (HAEC) were exposed to 10 g/ml fine and ultrafine APM collected in an urban setting in summer 2006 or winter 2007 in the San Joaquin Valley, California. RNA isolated after 3 h was analyzed with high-density oligonucleotide arrays. Summer APM treatment affected genes involved in xenobiotic and oxidoreductase activity, transcription factors, and inflammatory responses in HAEC, while winter APM had a robust xenobiotic but lesser inflammatory response. Real-time polymerase chain reaction analysis confirmed that particulate matter (PM)-treated HAEC increased mRNA levels of xenobiotic response enzymes CYP1A1, ALDH1A3, and TIPARP and cellular stress response transcription factor ATF3. Inflammatory response genes included E-selectin, PTGS2, CXCL-2 (MIP-2␣), and CCL-2 (MCP-1). Multiplex protein assays showed secretion of IL-6 and MCP-1 by HAEC. Since induction of CYP1A1 is mediated through the ligand-activated aryl hydrocarbon receptor (AhR), we demonstrated APM induced AhR nuclear translocation by immunofluorescence and Western blotting and activation of the AhR response element using a luciferase reporter construct. Inhibitor studies suggest differential influences of polycyclic aromatic hydrocarbon signaling, ROS-mediated responses and endotoxin alter stress and proinflammatory endothelial cell responses. Our findings demonstrate gene responses correlated with current concepts that systemic inflammation drives cardiovascular effects of particulate air pollution. We also demonstrate a unique pattern of gene responses related to xenobiotic metabolism in PM-exposed HAEC. oligonucleotide arrays; environmental particulate matter; inflammation; aryl hydrocarbon receptor; cytochrome P450 EPIDEMIOLOGIC STUDIES INDICATE that peaks of ambient particulate matter (APM) air pollution are associated with an increase in pulmonary and cardiovascular morbidity and mortality. Recent studies suggest a greater risk for cardiovascular than respiratory consequences during episodes of urban air pollution (55). Several lines of evidence suggest APM causes cardiovascular effects through induction of a systemic proinflammatory and procoagulant state (10, 46, 47, 71) . The mechanism connecting inhalation of environmental particulate matter (PM) and systemic thrombotic and inflammatory effects remains an enigma. One hypothesis suggests that translocation of PM, especially the ultrafine portion, into the systemic circulation would interact with vascular endothelium to augment activation of circulating leukocytes and platelets. Alternatively, PM deposited in the lung might interact with pulmonary endothelium to enhance activation of circulating elements of blood.
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EPIDEMIOLOGIC STUDIES INDICATE that peaks of ambient particulate matter (APM) air pollution are associated with an increase in pulmonary and cardiovascular morbidity and mortality. Recent studies suggest a greater risk for cardiovascular than respiratory consequences during episodes of urban air pollution (55) . Several lines of evidence suggest APM causes cardiovascular effects through induction of a systemic proinflammatory and procoagulant state (10, 46, 47, 71) . The mechanism connecting inhalation of environmental particulate matter (PM) and systemic thrombotic and inflammatory effects remains an enigma. One hypothesis suggests that translocation of PM, especially the ultrafine portion, into the systemic circulation would interact with vascular endothelium to augment activation of circulating leukocytes and platelets. Alternatively, PM deposited in the lung might interact with pulmonary endothelium to enhance activation of circulating elements of blood.
APM is a complex mixture of liquid and/or solid materials suspended in the air. Its chemical composition varies greatly and depends on many factors including combustion sources, climate, season, distance from source and type of urban or industrial pollution. Regulatory agencies classify APM in relative size ranges as coarse (2.5-10 m) fine (Ͻ2.5 m) and ultrafine (Ͻ0.1 m). Anthropogenic APM is generally composed of a particle core of carbonaceous material, mainly from combustion processes and vehicular exhaust particles. A variety of compounds can be absorbed on these including volatile or semivolatile organic species [e.g., polycyclic aromatic hydrocarbons (PAHs), nitro-PAHs, quinones], transition metals (iron, nickel, vanadium, copper, etc.), ions (sulfate, nitrate, acidity), and reactive gases (ozone, peroxides, aldehydes). Other components of APM include materials of biologic origin (endotoxins, bacteria, viruses, animal and plant debris) and salts and minerals (ammonium, nitrate, sodium sulfate, silicates, and other crustal elements). Coarse particles consist mainly of insoluble crust-derived minerals, sea salt, and material of biologic origin, while fine and ultrafine particles (UFP) are mainly salts admixed with carbonaceous aggregates with metals and organic species adsorbed on their surface (4, 66) .
Regulation of PM exposure is largely based on size and concentration with relatively little consideration given to composition. A recurring hypothesis is that induction of reactive oxygen species catalyzed by transition metals in Fenton-like reactions is a key cellular stress pathway inducing pulmonary and perhaps systemic responses. The role of a variety of more complex, potentially biologically active, organic components has received less attention. Some evidence suggests a significant role for endotoxin in stimulating effects in pulmonary epithelial cells and alveolar macrophages (6) .
A variety of PAHs are also found in APM, especially in urban areas. These compounds result from a combination of incomplete combustion of petroleum-based fuels, burning of biomass, and atmospheric chemical reactions with short chain hydrocarbons (57) . While such compounds are readily detected through air pollution monitoring, their cellular or biological effects relative to PM inhalation have received little investigation.
Several investigations demonstrate transport of ultrafine PM from the lungs to the systemic circulation and their accumulation in extrapulmonary organs (i.e., liver, heart, spleen, brain) (24, 49, 50, 62, 65) . These findings suggest that in addition to pulmonary inflammation (59) , UFP in circulation could directly or indirectly influence hemostasis or vascular inflammation and thus induce adverse cardiovascular endpoints more directly (46 -48) .
Much of the research evaluating pulmonary response to environmental particulates has focused on upregulation of pulmonary inflammatory cytokines such as interleukin (IL)-6 or induction of oxidative stress and its associated response elements (5, 39) . Additional studies of cytokines in subjects exposed to a wide variety of PM pollutants demonstrated that several proinflammatory cytokines are elevated in the circulation (67) . These subjects showed significant increases in blood levels of IL-6, IL-1␤, macrophage inflammatory protein 1␣ (MIP-1␣), and granulocyte-macrophage colony-stimulating factor (GM-CSF), leading the authors to suggest that acute exposure to air pollution induces a systemic inflammatory response contributing to cardiopulmonary disease (67) .
Cellular interactions with and responses to APM have largely been investigated in cultured lung cells. Particles of differing sources and sizes elicit a variety of responses in cultured airway epithelial cells that generally relate to inflammation or oxidant stress responses. Coarse particles are associated more with proinflammatory responses, which may be correlated with endotoxin and Toll-like receptor activity. Fine and ultrafine particles more characteristically elicit oxidant stress responses (6) . Microarray-based gene response studies are beginning to expand the range and specificity of responses to PM. They have been used to distinguish responses to zinc and vanadium in airway epithelial cell cultures (27) . A similar approach identified membrane transport mechanisms, extracellular matrix proteins, adhesion molecules, and signal transduction responses in umbilical endothelial cell cultures treated with residual oil fly ash (42) .
In the present study, we asked whether seasonal variation in environmental PM composition affected the global gene response patterns in cultured human cells representing systemic vascular targets. We also asked whether selective gene transcription identified response pathways are consistent with systemic inflammation or characteristic of PM exposure.
MATERIAL AND METHODS

Reagents
PCR primers were from Operon (Huntsville, AL). Antibodies were purchased from the following sources: aryl hydrocarbon receptor (AhR, Sc-5579) from Santa Cruz Biotechnology (Santa Cruz, CA); donkey-anti-rabbit antibody conjugated to Alexa Fluor 488 from Molecular Probes (Eugene, OR). Monoclonal anti-␤-actin (A5441); dimethyl sulfoxide (DMSO), ␣-napthoflavone (␣-NF, N5757), resveratrol (R5010), and polymyxin B (pol B) sulfate salt (P4932) were purchased from Sigma Chemical (St. Louis, MO); cell culture reagents and media from Lonza (Walkersville, MD). Apo-ONE homogeneous caspase-3/7 assay reagents (catalog no. G7790) was from Promega (Madison, WI), and nuclear-ID blue/green cell viability assay reagent (catalog no. ENZ-53004-C100) was from Enzo Life Sciences (Plymouth Meeting, PA). 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) was a gift from Dr. S. Safe (Texas A&M University).
Collection of Fine and Ultrafine Concentrated APM
The University of California (UC) Center Fresno sampling site is located in a mixed retail commercial and residential setting. The site is bound by residences to the north, a commercial property to the east, a principal arterial road to the south, and a collector road to the west. The site is approximately two blocks east of Highway 41 and 6 miles north of its intersection with Highway 99. This places the site in the center of an urban area on the east side of the San Joaquin Valley near the junction of two major transportation routes with heavy use for truck transport. APM were collected using a high-volume sampler combined with a PM2.5 cutoff cascade impactor in summer of 2006 (sum06) and winter of 2007 (win07). The summer sampling was done during a period with high potential for photochemical modification of emissions. The winter sampling was done during a typical winter temperature inversion associated with high PM concentrations in the San Joaquin Valley. Bulk APM samples were collected with three colocated reference ambient air monitor filter samplers loaded with prebaked (48 h at 550°C) Teflon-coated quartz fiber filters. Cumulative samples were collected during a field exposure lasting 2 wk. Samples were collected for 6 h a day for 5 days each week. Collected filters were sealed in an argon atmosphere and stored at Ϫ80°C until extracted. Particles for cell treatment were extracted by probe sonication in H 2O. Preliminary experiments with laboratory generated 100 nm particles demonstrated efficient recapitulation of particle size with this approach as determined by dynamic light scattering (data not shown). Estimates of extracted particle mass were made by weighing filters before and after extraction using a humidity control chamber to control for water weight. Extracted particles suspended in H 2O were refrozen at Ϫ80°C until diluted for cell culture experiments.
Particle Characterization
Size-resolved PM samples were collected with six identical microorifice uniform deposit impactors with size cuts of 0.056, 0.1, 0.18, 0.32, 0.56, 1.0, and 1.8 m particle diameter. Particle characterization, detailed in a separate manuscript consisted of elemental carbon and organic carbon concentrations determined by thermo-optical analysis, water-soluble ions quantified with ion chromatography analysis and trace elements quantified with inductively coupled plasma mass spectrometry (Table 1) . Analysis of a panel of PAHs from sum06 was done by gas chromatography (47) .
Cell Culture and Treatments
Human aortic endothelial cells (HAEC) were purchased from Lonza (Portland, OR). HAEC were cultured in EBM basal media supplemented with EGM-2 bullet kit (EBM plus Single Quotes growth supplements) (CC-3124). Experiments were conducted with cells at passages 4 -6 that were maintained at 37°C in 5% CO 2 and 95% air incubator. APM collected in sum06 and win07 was used at estimated concentration of 10 g/ml for cell-based AhR-transcription bioassay, caspase 3/7 assay, and microarray analysis. For inhibitor studies, 10 g/ml sum06 APM were used. In immunofluorescence studies 10 or 50 g/ml sum06 APM were used. Particle extracts were probe sonicated immediately before treatment for uniform dispread. Cells were treated with control (H 2O) or APM for 3 h unless otherwise stated.
Time-Course Studies in HAEC Exposed to Sum06 APM
To characterize the time course of gene responses, HAEC were grown to confluence on six-well plates and then treated with control (H2O) or sum06 APM (10 g/ml) for 30 min, 1 h, 2 h, 3 h, and 4 h. After incubation, cells were washed with PBS (without Ca and Mg), and RNA was isolated using RNeasy Mini Kit (Qiagen, Valencia, CA) including the DNA digestion step as described by the manufacturer. mRNA expression of specific genes were analyzed by quantitative RT-PCR (qRT-PCR) as described below.
Cell Viability Assay
To determine the toxicity of different APM sources, HAEC were grown to confluence on fibronectin-coated 12-mm round coverslips placed in 24-well medical-grade polystyrene plates (BD Falcon) and were treated with control (H 2O) or 10 g/ml of sum06 APM or win07 APM for 3 h. The samples were stained with Nuclear -ID Blue Green cell viability reagent as described by the manufacturer. Coverslips were mounted, and digital micrographs of six randomly chosen fields per coverslip obtained with an Olympus BX61 fluorescence microscope. A live-dead ratio was determined by counting green fluorescent nuclei (dead cells) relative to all nuclei in each field.
Apoptosis Assays
HAEC were grown to confluence on 96-well plate and then treated with control (H 2O) or 10 g/ml of sum06 APM or win07 APM for 3 h. After incubation, caspase 3/7 activity was measured by Apo-ONE Homogeneous Caspase-3/7 assay (Promega) as described by the manufacturer. The samples were measured by Fluorescence microplate reader (Molecular Devices, SpectraMax M2) with a 485 nm excitation filter and 530 nm emission filter.
RNA Extraction and Synthesis of Biotin-Labeled RNA
Total RNA was extracted from control and APM-treated HAEC in T-75 flasks using TRIzol Reagent (Invitrogen, Carlsbad, CA) followed by RNeasy Mini Kit (Qiagen) including the DNA digestion step as described by the manufacturer. Microarray experiments were performed with pooled RNA isolates from each treatment group. Confirmatory RT-PCR analysis was done on individual aliquots of RNA from each replicate flask.
GeneChip analyses. GeneChip analyses of the pooled total RNA samples (n ϭ 4 for sum06 treated HAEC and n ϭ 3 for win07 treated HAEC) were performed as previously described (3) . A 9 g aliquot of total RNA from each pooled sample was reverse-transcribed, followed by second-strand synthesis, cRNA amplification in the presence of biotin-labeled nucleotides, and fragmentation as described in the Affymetrix One Cycle Sample Preparation protocol (Affymetrix, Santa Clara, CA). The fragmented, biotin-labeled cRNA samples were hybridized to Human Genome U133A 2.0 Array high-density oligonucleotide arrays with ϳ22,000 probe sets representing 14,500 wellcharacterized human genes (Affymetrix). The hybridization, washing, labeling, and scanning of the GeneChips were performed as described in the Affymetrix protocols by the Microarray Core Facility in the UC Davis Genome and Biomedical Sciences Facility. Complete microarray data are available at http://www.ncbi.nlm.nih.gov/geo/ (Gene Expression Omnibus accession number GSE18593).
Analysis and interpretation of GeneChip data. The data were analyzed by GeneChip Operating System (GCOS) 1.4 (Affymetrix). The upper limit of P value for statistically reliable detection of an mRNA transcript was 0.05 (except for "batch analysis," see below), independent of its signal intensity (usually Ͼ10), because the detected mRNA can be confirmed by an independent method such as qRT-PCR. The P value for detection of mRNAs discussed here ranged from 0.0001 to 0.05 (except for "batch analysis," see below), and the signal intensity ranged from 10 to 10,000 units; the signal intensities approximate the abundance of mRNAs.
Lists of APM-responsive genes were obtained by using the "batch analysis" function in GCOS 1.4. Data for all of the 22,277 probe sets from HAEC treated with control were used as baseline and compared with those from the HAEC treated with APM. The lists (in Excel format) of sensitive genes were then sorted to satisfy three requirements: 1) the mRNA must be detectable with a P value of Յ0.05 in at least one of the two samples being compared, 2) the fold-change be Ն2, and 3), the mRNA have an annotation that suggests either a known or a predicted function. The lower limit of twofold change was selected and selected gene expression was confirmed by qRT-PCR. This may be particularly desirable in microarray experiments performed on pooled RNA samples, an analytical strategy that results in loss of statistical information (discussed in RESULTS). Affymetrix GCOS software was used to facilitate visualization and interpretation of GeneChip Data. The functional groups were assigned using PubMed Gene Data base.
Validation of changes in mRNA expression by qRT-PCR. Since GeneChip analysis was done on pooled samples from each experimental group, confirming qRT-PCR analyses were performed on individual aliquots of total RNA samples from each treatment replicate. The purpose of these analyses was to evaluate the reliability of GeneChip data and develop statistical data to validate the changes suggested by the GeneChip assay of pooled RNA samples as our previous studied (3). Frequently, the two assays do not match quantitatively but they always match qualitatively. Several analytical procedures may contribute to these discrepancies. 1) Total RNA samples used for the PCR assay are different from those used for the microarray assays.
2) The method of hybridization and detection for the two assays are very different; the microarray assay utilizes hybridization of fragmented cRNA generated by Affymetrix protocols, whereas the RT-PCR utilizes amplication of DNA fragments using specific primer sets designed by a different method. These PCR primers are usually different from those on GeneChips.
An aliquot equivalent to 5 g of total RNA extracted from each sample was reverse-transcribed to obtain cDNA in a final volume of 20 l solution consisting of buffer, oligo-dT primer, DTT, dNTPs, and Superscript-II reverse transcriptase (Invitrogen). RT-PCR with SYBR as fluorescent reporter was used to quantify the expression of selected genes identified by GeneChip analysis. Specific primers (Table 2) were designed with Primer Express 1.0 software (Applied Biosystems) using the gene sequences obtained from Affymetrix Probeset IDs. Reactions were carried out in 384-well optical plates containing 25 ng RNA in each well. The quantity of applied RNA was normalized by simultaneously amplifying cDNA samples with glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-specific primers. The transcript levels were measured by real-time RT-PCR using the ABI PRISM 7700 Sequence detection system (PE Applied Biosys- tems, Foster City, CA). The PCR amplification parameters were: initial denaturation step at 95°C for 10 min followed by 40 cycles, each at 95°C for 15 s (melting) and 60°C for 1 min (annealing and extension). A comparative threshold cycle (C t) method (30) was used to calculate relative changes in gene expression determined from real-time quantitative PCR experiments [Applied Biosystems user bulletin no. 2 (P/N4303859)]. The C t, which correlates inversely with the target mRNA levels, was measured as the cycle number at which the SYBR Green emission increases above a preset threshold level. The specific mRNA transcripts were expressed as fold difference in the expression of the specific mRNAs in RNA samples from the APMtreated cells compared with those from the control-treated cells.
Cytokine Assays for Secreted Protein Expression
To determine cytokine secretion, media from Sum06 APM treated and untreated HAEC cultures were evaluated using a multiplex, bead-based, immunologic assay. HAEC were grown to confluence in six-well plates and then treated with control (H 2O) or sum06 APM (10 g/ml) for 3 h. After the incubation, media were collected and concentrated up to fivefold with Ultracel YM-3 Microcon centrifugal filter (Millipore, Bedford, MA). Protein concentration was determined with the bichinoic acid assay (Pierce). Cytokine assays were carried out using a commercial immuno-bead-based analytical system and human-specific assay kits (Bioplex; Bio-Rad Life Science, Hercules, CA). Cytokines assayed included interleukin-1␣ (IL-1␣), interleukin-1␤ (IL-1␤), interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-10 (IL-10), interleukin-13 (IL-13), GM-CSF, monocyte chemotaxtic protein-1 (MCP-1), MIP-1␣, MIP-1␤, vascular endothelial growth factor (VEGF), and intercellular adhesion molecule-1 (ICAM-1). The specific secreted protein expressions were expressed as pg/ml specific protein from APM-treated cells compared with those from the control-treated cells.
AhR Translocation in HAEC Exposed to Sum06 APM
The cellular localization of AhR was analyzed using endogenous expressed proteins. HAECs were grown to confluence on fibronectincoated 12-mm round coverslips placed in 24-well medical-grade polystyrene plates (BD Falcon) and were treated with control (H 2O) or sum06 APM (10 or 50 g/ml) for 30 min, 1 h and 1.5 h. For positive control, TCDD (1 nM) and DMSO (control for TCDD) was used. After treatment, cells were fixed with 4% paraformaldehyde in PBS for 10 min at room temperature and then washed 3ϫ with PBS. Cells were then permeabilized and blocked with Superblock (Pierce, Rockford, IL) containing 0.05% saponin for 30 min. Fixed cells were incubated with rabbit polyclonal anti-AhR (1:500 dilution) and washed with 4 ϫ 10% Superblock with 0.05% saponin to remove unbound Ab. Subsequently cells were treated with donkey-anti-rabbit antibody conjugated to Alexa Fluor 488 for 30 min, unbound material was removed as above. The nucleus was counter stained for 5 min with 4=,6-diamidino-2-phenylindole (1 g/ml). Isotype controls were correspondingly run for all primary antibodies used in the study. Coverslips were mounted, and digital micrographs of six randomly chosen fields per coverslip obtained with an Olympus BX61 fluorescence microscope. The images shown are representative of at least four separate experiments. Photoshop CS was used to identify nuclei with enhanced AhR staining. A color range was selected using the eyedropper tool. When the bright green pixels associated with AhRpositive nuclei are selected, all nuclei containing this color range are automatically highlighted and are then counted manually. The initial selection of pixels is saved and applied to all images in the experiment. Results are expressed as % AhR positive nuclei relative to all nuclei.
Cell-Based AhR-Transcription Bioassay
Recombinant mouse hepatoma (H1L1.1c2) cells were grown and maintained in ␣-MEM (GIBCO/Invitrogen) containing 10% fetal bovine serum (Atlanta Biologicals) at 5% CO 2 and 37°C as described (13) . These cells contain a stably integrated DRE-driven firefly luciferase reporter gene plasmid whose transcriptional activation occurs in an AhR-dependent manner (13, 72) . Cells were plated into white, clear-bottomed 96-well tissue culture dishes at 75,000 cells/well and allowed to attach for 24 h. Cells were incubated with carrier solvent (DMSO or water: 1% final solvent concentration), TCDD (1 nM), APM collected in summer 2006 (10 g/ml) and winter 2007 (10 g/ml) for 4 h at 37°C. We added 1 l of each treatment sample to initiate the bioassay. After the incubation, sample wells were washed twice with phosphate-buffered saline, followed by addition of cell lysis buffer (Promega, Madison, WI). The plates were then shaken for 20 min at room temperature to allow cell lysis. Luciferase activity was measured using an Orion microplate luminometer (Berthold, Oak Ridge, TN) with automatic injection of Promega stabilized luciferase reagent. Luciferase activity in each well was expressed relative to that maximally induced by TCDD.
Inhibitor Studies in HAEC Exposed to Sum06 APM
To determine whether AhR signaling, oxidative stress, or bacterial endotoxin affects gene responses, HAEC were grown to confluence on six-well plates and pretreated with the AhR inhibitor ␣-NF (1 M) or an inhibitor of oxidative stress, resveratrol (10 M), or pol B (1 g/ml), an endotoxin-binding antibiotic for 30 min, followed by treatment with 10 g/ml sum06 APM together with inhibitor for 3 h. For ␣-NF and resveratrol, DMSO was used as vehicle and control. For polymyxin, H 2O was used as control. After treatment, mRNA was isolated as described above in kinetic studies and specific gene expressions were analyzed by qRT-PCR. The oligonucleotide sequence for each primer sequences was obtained from the Affymetrix database using the probe set IDs. The primers were custom prepared and used as described in MATERIAL AND METHODS.
Statistical Analysis
Data for fold-changes in gene expression obtained by qRT-PCR, Western blots, bio-plex assay, and immunofluorescence cell counts were analyzed by GraphPad PRISM 4.0 software (San Diego, CA). An unpaired student's t-test or two-way analysis of variance with repeated measures was used as appropriate for comparisons between the treatments. While qRT-PCR results were expressed as fold-change to better compare with microarray responses, statistical analysis was performed by a t-test comparing C T values for replicates of control and treated cells. In all comparisons differences with P Յ 0.05 were considered as significant. Results are expressed as means Ϯ SE and the P value.
RESULTS
Time-Course Studies
To determine the appropriate exposure time for transcriptional responses, HAEC were treated with H 2 O (control) or 10 g/ml of sum06 APM for 30 min, 1 h, 2 h, 3 h, or 4 h, and mRNA expression of selected genes were analyzed. PAH response genes cytochrome P450 1A1 (CYP1A1) and TCDDinducible poly (ADP-ribose) polymerase (TIPARP) were significantly increased at 1 h, 2 h, and 3 h and decreased at 4 h but still higher than control (Fig. 1) . Prostaglandin-endoperoxide synthase 2 (PTGS2) was also significantly increased at 1 h, 2 h, 3 h and had decreased expression at 4 h (Fig. 1) . The inflammatory response gene chemokine (C-C motif) ligand 2 (CCL-2) was significantly increased at all time points (Fig. 1) .
Cell viability. Using Nuclear-ID Blue Green cell viability reagent, a nonsignificant trend was observed with 10 g/ml of sum06 or win07 APM resulting in a 15 and 9% increase in cell death, respectively, after 3 h incubation (n ϭ 6) (data not shown).
Caspase-3/7 assay. After 3 h exposure of HAEC to 10 g/ml of sum06 or win07 APM, caspase-3/7 activity was measured. A modest but statistically significant increase occurred after exposure to sum06 but not win07 APM (Fig. 2) (n ϭ 5, P Յ 0.05).
Differentially Expressed Genes
To determine APM effects, HAEC were challenged with vehicle control or APM for 3 h and cellular responses were analyzed using a high-density oligonucleotide array containing ϳ22, 000 probe sets. The total number of mRNA transcripts examined in each treatment group was 22,277 probe sets with 14,500 genes. Total numbers of "present" probe sets were ϳ13,000, and there was no difference in gene numbers expressed.
Differential analysis of gene expression data also showed that HAEC treated with sum06 and win07 APM affected a small percentage (0.15 and 0.04%, respectively) (Table 3) of the ϳ13,000 probe set that are reliably detected: 20 genes in HAEC were upregulated by sum06 APM, four genes were upregulated, and only one gene was downregulated by Win07 APM.
Functional Groups Affected by APM
Functional significance of genes affected by APM was evaluated with inquiries of the PubMed Gene Database. Sum06 APM altered expression of genes involved many functional classes including AhR-responsive genes, stress-associated protein kinase/c-Jun NH 2 -terminal kinase (SAPK/JNK)/NF-B pathways, proinflammatory responses, and endothelial-specific response. Win07 APM-affected genes involved AhR-responsive genes, SAPK/JNK/NF-B pathways, and proinflammatory responses. All data are based on 13,000 probe set present in human aortic endothelial cells (HAEC). The criterion for selection was Ն Ϯ 2-fold change as detailed in MATERIAL AND METHODS. Effects of APM on gene expression in either HAEC were obtained by comparing the entire list of genes from HAEC grown on basal media. The number differentially expressed, either summer 2006 or winter 2007 APM-sensitive genes (column 2), is also shown as the % of the total number of genes detected (column 3). The same genes may be involved in different functions.
APM-Induced AhR and Oxidative Stress Response Genes
Global gene expression analysis identified qualitative and quantitative differences in APM treatment response genes associated with chemically induced cellular stress such as PAH metabolism and "redox-stress." The highest gene expression for HAECs exposed to APM collected in either sum06 or win07 was that encoding cytochrome P450, family 1A1 (CYP1A1). CYP1A1 mRNA expression in sum06 and win07 was increased 3.7-and 2.3-fold, respectively (Table 4) . CYP1A1 is known to be induced by environmental tobacco smoke (19) . Induction of CYP1A1 genes was independently confirmed by qRT-PCR (Figs. 3A and 4) .
Another gene associated with xenobiotic response systems, TCDD-inducible poly (ADP-ribose) polymerase (TIPARP), was also upregulated in HAEC (2.0-fold) exposed to sum06 APM (Table 4) . Additional genes known to respond to AhR and oxidative stress included aldehyde dehydrogenase 1 family A3 (ALDH1A3) and prostaglandin-endoperoxide synthase 2 (PTGS2). ALDH1A3 was induced (2.0-fold) in HAEC exposed sum06. ALDH1A3 is a non-P450 aldehyde oxidizing enzyme and is a member of the aldehyde dehydrogenase superfamily (8, 37) . PTGS2, also known as cyclooxygenase (COX-2) was induced 2.8-fold in HAEC treated with sum06 APM. PTGS2 is a key enzyme in prostaglandin biosynthesis and is inducible through several mechanisms including responses to active oxygen generation. Induction of ALDH1A3 and PTGS2 by APM exposure was confirmed by qRT-PCR (Figs. 3A and 4) .
Inflammatory Response Genes Induced By APM
Sum06 APM. Several biologically active proinflammatory molecules were upregulated in addition to PTGS2. Chemokine (C-C motif) ligand 2 (CCL-2), also known as MCP-1, mRNA expression was increased 2.3-fold in HAEC exposed to sum06 APM. Chemokine (C-X-C motif) ligand 2 (CXCL-2), also known as MIP-2␣ was also increased 2.5-fold in HAEC. Upregulated expression of the leukocyte adhesion molecule E-selectin (SELE) was induced 2.8-fold. Tumor necrosis factor, alpha-induced protein 3 (TNFAIP3), a TNF-␣ response protein that downregulates NF-B responses, was increased 2.1-fold (Table 4) . PLA2G4A or vascular early response gene (VERGE), apolipoprotein L domain containing 1 (APOLD1), and solute carrier family 7 member 2 (SLC7A2) were increased 2.1-, 2.8-, and 2.0-fold, respectively. Induction of CCL-2, CXCL-2, E-selectin, TNFAIP3, PLA2G4A, APOLD1, and SLC7A2 in HAEC were confirmed by qRT-PCR (Fig. 3B) .
Win07 APM. In HAEC exposed to win07 APM, suppressor of cytokine signaling 3 (SOCS3) had the highest overall expression (2.6-fold) and was the only upregulated gene related to inflammation (Table 4) .
APM Activates SAPK/JNK/NF-B Signaling Pathway
Sum06 APM. HAEC exposed to sum06 APM had upregulation of activating transcription factor 3 (ATF3), a member of the mammalian activation transcription factor/cAMP responsive element-binding (CREB) protein family of transcription factors. ATF3 was increased 3.0-fold (Table 4 ) and confirmed by qRT-PCR (Fig. 3A) . Other genes related to JNK/NF-B signaling (see DISCUSSION) upregulated included the NF-B response gene BCL3 and a JNK/NF-B regulatory activity, CCAAT/enhancer binding protein delta (CEBPD).
Win07 APM. HAEC exposed to win07 APM had a 2.0-fold upregulation of CEBPD (Table 4 ). 
Secreted Protein Expression
To determine whether APM treatment resulted in secretion of proinflammatory proteins, HAEC were treated with sum06 APM for 3 h, and media were analyzed using the Bio-plex cytokine assay. Increased protein expression of IL-6 (47%) and MCP-1 (CCL-2) (55%) was found in media of HAEC treated with sum06 APM (Fig. 5) . No changes in other cytokines were evident.
APM Activates AhR-Aromatic Hydrocarbon Receptor Nuclear Translocator Signaling Pathway
Induction of xenobiotic metabolizing enzymes, especially CYP1A1, is regulated through AhR (18) . AhR is a cytoplasmic receptor for aromatic hydrocarbons such as TCDD present in industrial waste, byproducts of combustion and incinerator reactions, tobacco smoke, and other sources (31, 40, 58) . It acts as a transcription factor for proteins involved in xenobiotic metabolism. To determine whether APM activates the AhR signaling pathway, we evaluated the time course of nuclear accumulation of AhR in response to APM. We compared the percent of nuclei exceeding a threshold intensity of immunofluorescence in response to treatment with sum06 APM com- 
Cell-Based AhR-Mediated Bioassay
To confirm that activation of AhR by APM results in transcriptional activation, we used a recombinant mouse hepatoma cell line (H1L1.1c2) that contains a stably integrated firefly luciferase gene whose expression is under the control of four DREs (13) . Treatment of these cells with AhR ligands (agonists) induces luciferase gene expression in a time-, dose-, and AhR-dependent manner (13, 17) . Induction of luciferase following incubation of H1L1.1c2 cells for 4 h with the indicated samples is shown in Fig. 7 . APM collected in sum06 and win07 induced luciferase reporter gene activity to 13 and 19% of that induced by TCDD, respectively (Fig. 7) .
␣-NF and Resveratrol Suppressed Sum06 APM-Induced Gene Expression
Our microarray data demonstrated that sum06 APM affected several functional group including xenobiotic, oxidoreductase activity, and inflammatory immune response. To determine the relative role of AhR signaling and intracellular oxidant activity, we performed a series of inhibitor studies using sum06 APM. Control cells in these studies were treated with the inhibitor vehicle DMSO. We found that 10 g/ml Sum06 APM for 3 h induced CYP1A1, TIPARP, PTGS2, CEBPD, and CCL-2 gene expression (2.3-, 1.2-, 1.5-, 1.4-, and 2.1-fold, respectively) (Fig. 8) . The AhR inhibitor ␣-NF significantly suppressed CYP1A1 gene expression induced by Sum06 to 1.5-fold (Fig. 8) . Conversely, expression of the AhR responsive genes TIPARP, PTGS2, and CEBPD were markedly increased by cotreatment with ␣-NF. CCL-2 expression was not altered by ␣-NF. Resveratrol (3,5,4=-trihydroxy-trans-stilbene), is a potent suppressor of intracellular ROS production by inhibition of NADH/NADPH oxidase activity as well as inhibition of the production of the proinflammatory mediators NO·and PGE2 (at least in part by inhibition of NOS-2 and COX-2 gene and protein expression) (26) . Resveratrol is also an AhR antagonist acting through the inhibition of recruitment of the AhR/aromatic hydrocarbon receptor nuclear translocator (ARNT) complex to xenobiotic response elements (7). Resveratrol suppressed CYP1A1, PTGS2, TIPARP, and CCL-2 gene expression to 0.3-, 1-, 1-, and 1.3-fold (Fig. 8) .
Pol B Treatment Differentially Alters HAEC Proinflammatory Responses
We also asked whether endotoxin contamination of APM activated HAEC inflammation using the endotoxin binding antibiotic pol B. Pol B had no effect on the AhR-responsive genes CYP1A1 and TIPARP. ALDH1A3 was also unaffected. Expression of PTGS2, ATF3, and E-selectin were enhanced by pol B treatment. Pol B suppressed APM-induced changes in CXCL-2 and CCL-2 (Fig. 9) .
DISCUSSION
For the genes surveyed, our kinetic studies demonstrated that APM-induced gene expression was maximal at 3 h. Cell viability and caspase-3/7 assays demonstrated that only the sum06 APM-treated cells had a modest increase in cell death and this was only statistically significant for the caspase-3/7 assay. Therefore, the bulk of alterations in gene expression, cytokine secretion, and alterations in AhR signaling were sufficiently adaptive or at least not detrimental to the overall survival of cultured cells. While the concentration of particles used in these experiments are higher than likely to be achieved in the systemic circulation, they more closely approximate estimates of local alveolar concentrations that would be adjacent to alveolar endothelium (23) . Estimates of systemic accumulations suggest concentrations ranging from 1 to 8% of pulmonary PM may accumulate in systemic tissues (see Ref.
47 for review). Almost all studies of systemic accumulation are based on single doses, so accumulation after repetitive or continuous environmental exposure remains uncertain. Maximal absorption of ultrafine particles occurs rapidly after intratracheal instillation with a peak exposure of systemic tissues in a 4 h time course, consistent with the 3 h time point used in the majority of the current study (51) .
The number of gene responses and their magnitude varied significantly between ambient particles collected in summer or winter. Samples collected in summer upregulated significantly Fig. 7 . Induction of luciferase activity by APM. Induction of luciferase in H1L1.1c2 cells containing a stably integrated AhR-responsive DRE-driven firefly luciferase reporter gene plasmid. Response to a 3 h incubation with 10 g/ml of APM collected in sum06 APM or win07 APM was compared with TCDD (100% as positive control). n ϭ 3; *P Յ 0.0005, #P Յ 0.0005. more genes than did particles from winter. In general, the fold-changes resulting from particles collected in summer were more robust than those from winter.
While particle concentrations administered to cultures were gravimetrically equivalent, significant differences in composition likely influenced cellular responses. Particles collected in summer were higher in both elemental and organic carbon, sulfate, and reactive trace metals including vanadium, iron, lead, calcium, barium (57) . Analysis of 21 PAHs spanning a range of sizes and volatility demonstrated that summer concentrations were ϳ25% lower than those in winter (57) . Particles collected in winter had a higher concentration of soluble ammonium nitrate, which would reduce the effective concentration of solid components in treated cultures. Conversely, elemental carbon, organic carbon, trace metals, and PAH components are generally not water soluble and thus might well have greater concentrations in individual particles and potentially greater interaction with cell cultures.
The pattern of gene responses in vascular endothelium is consistent with current hypotheses implicating pulmonary inflammation and vascular inflammation/coagulation in the mechanism of cardiovascular complications of particulate air pollution. The principal pathways implicated by gene responses in human aortic cells to collected APM include the AhR-responsive genes associated with PAH exposure and an interaction between the MAP kinase and NF-B stress response pathways that could be activated by either oxidant-or endotoxin-mediated receptors. Several activities induced by the AhR response element in cells more traditionally associated with xenobiotic metabolism were upregulated in APM-treated HAEC. CYP1A1, PTGS2 (also known as COX-2), and TIPARP are all genes induced by the interaction of the AhR and ARNT complex with their promoters. TIPARP is a member of the poly(ADP-ribose) polymerase (PARP) family of genes that regulate protein function through adding ADP ribose units to glutamic acid residues. Induction of TIPARP in mouse liver is dependent on AhR/ARNT signaling (35) . AhR agonists, PAHs, have previously been shown to increase the expression of IL-1␤, IL-8, and TNF-␣ factors involved in adverse inflammatory responses (25, 33, 34, 68) in the following paper. N'Diaye et al. (41) have shown that benzo[a]pyrene exposure induces the production of CCL1, a known participant in inflammatory and cardiovascular disease. These studies all point to the importance and the multiplicity of mechanisms by which the AhR receptor could potentially participate in the resulting pulmonary-cardiovascular insult following exposure to PAH carrying particulate matter.
ALDH1A3 is also a xenobiotic response gene but classically is induced by phenobarbital-like P450 inducers, while a related enzyme, ALDH3A1, not seen in this study, is associated with AhR-mediated responses (52) . In addition to being an AhRresponsive gene, PTGS2 is strongly induced in endothelium by IL-1␤ (20) . A spectrum of gene responses suggested interactions between oxidant response elements and TLR-4-related pathways that could be stimulated by endotoxin. Upregulation of the transcription factor ATF3 suggests activation of the SAPK/ JNK subset of MAP kinase signaling (16) . CEBPD is a third transcription factor that participates in the interactions between these two counterbalancing regulators of endothelial stress and inflammatory responses (29) .
The SAPK/JNK pathway responds to a variety of cellular stressors including endotoxin (9), UV radiation, and oxidants (1) . Second messengers in this pathway act through JNK to phosphorylate cJun, which is translocated to the nucleus where it interacts with ATF3 to form the transcriptional complex known as AP-1. The ATF3 subunit undergoes auto-stimulatory upregulation in response to this transcriptional activation. Other AP-1 responses in endothelial cells include E-selectin and IL-8 (28, 32) .
A key pathway activating NF-B in monocytes is mediated by endotoxin stimulation of the TLR-4 receptor. A complex interaction between NF-B and inhibitory proteins including IB regulates NF-B stability and its accumulation in the nucleus as a transcription factor. BCL3 is an NF-B response element that acts in an autoregulatory way to modulate NF-B signaling. A multitude of cellular responses characterize NF-B activation including transcription of IL-6, CXCL-2, and cellular survival signals.
A complex interplay between SAPK/JNK and NF-B signaling directs a balance between the spectrum of proinflammatory responses and survival/apoptosis signals in leukocytes. The CEBPD transcription factor participates in this signaling interface as an amplifier of NF-B-mediated stimulus of IL-6 transcription. IL-6 has previously been shown to be elevated in PM-exposed mice (71) . ATF3 attenuates this response. The balance between ATF3 attenuation and CEBPD enhancement acts through epigenetic modulation of transcription and is theorized to discriminate between short and persistent LPS signals (29) . SAPK/JNK and NF-B signaling are also important in endothelial cell biology. In particular, regulation of SAPK/JNK activity directs site-specific apoptotic signals in relation to flow and turnover of endothelium at atheroprone sites in the arterial tree (9) .
CCL-2 upregulation in HAEC occurs through LPS-and TNF-␣-mediated NF-B pathways. HAEC also upregulate CCL-2 (MCP-1), E-selectin, and IL-8 in response to LPS (61) . However, both NF-B and AP-1 pathways upregulate CCL-2 (70). Regulation of CCL-2 secretion by endothelium through NF-B-and AP-1-mediated pathways is affected by such diverse stimuli as LPS, TNF-␣, anthrax toxin (70) , and activated platelet interactions (14) . Our data suggest a similar synergistic effect on CCL-2 secretion in APM-treated endothelial cells. This could have important implications for systemic disease associated with APM exposure as CCL-2 plays a key role in the vascular and renal consequences of the metabolic syndrome (15, 36, 54) . Finally, CEBPD has been reported to enhance CCL-2 transcription separate from NF-B activity in vascular smooth muscle cells (60) . CXCL-2 (also known as MIP-2␣) acts primarily as a neutrophil chemokine. CXCL-2 is sequestered in the heparin sulfate surface lining of activated endothelial cells and directs neutrophil migration along the consequent chemotactic gradient (38) . There appears to be a connection between AhR signaling in endothelial cells, p38 and JNK subsets of MAP kinase signaling, and the induction of CXCL-2 in response to aromatic hydrocarbons (22) . Induction of CYP1A1 appears to be caveolin dependent, and overexpression of CYP1A1 results in oxidative stress that likely activates the JNK pathway and subsequent CXCL-2 induction.
The last group of genes identified as responsive to PM treatment include endothelial cell-specific activation pathways including PLA2G4A, APOLD1 [also known as vascular early response gene (VERGE)], and SLC7A2. PLA2G4A or phospholipase 2 catabolizes membrane lipids to release arachidonic acid, thus initiating eicosanoid and other lipid mediator signaling pathways. Its activation occurs through a plethora of signals including reactive oxygen species. Similarly, transcription of PLA2G4A is induced through multiple cytokine pathways including TNF-␣, IL-1␤, and IFN-␥ as well as subsequent to endotoxin (64) .
APOLD1 or VERGE is highly expressed in developmental angiogenesis and transiently expressed in adult CNS vasculature in response to seizures or in vitro in response to hypoxia or fibroblast growth factor (56) . It has also been shown to upregulate in response to exercise (63) . VERGE protein localizes to endothelial cell borders and is speculated to interact with PKC-mediated induction of microvascular leak (56) .
SLC7A2 is a solute transporter specific for uptake of L-arginine, the substrate for nitric oxide synthase (NOS) (45) . In addition to vaso-relaxation, NO acts to decrease endothelial cell proinflammatory responses by downregulating JNK with subsequent decrease in IL-8 secretion (43) . Interestingly, the induction of inducible NOS in endothelial cells by IL-1␤ acts through a CEBPD promoter site (21) .
A distinctive pattern of upregulation of genes associated with xenobiotic metabolism was present in response to particulates collected in both summer and winter. CYP1A1 was induced in endothelial cells, and it is classically recognized as an enzyme that metabolizes exogenous many different compounds, enhancing their elimination (11, 12) . Halogenated aromatic hydrocarbons and PAHs have been shown to be strong exogenous inducers of CYP1A1 genes by virtue of their ability to bind to and activate the AhR, a ligand-dependent transcription factor (2, 12, 58) . The AhR acts in a wellcharacterized signaling cascade involving occupancy by an AhR agonist (of which there are a large number of structurally diverse chemicals) (12, 53, 58) , which leads to nuclear translocation and its association with the ARNT, which converts the AhR into its high-affinity DNA binding form (12) . In addition to stimulating transcription of CYP-related phase I enzymes, the AhR/ARNT complex also induces expression of a variety of phase II enzymes, including specific forms of glutathione S-transferase, quinone reductase, UDP-glucronosyl transferase, and aldehyde dehydrogenase (12, 35) . CYP1A1 also has endogenous activities that more directly relate to endothelial cell function, particularly its metabolism of arachidonic acid to a variety of eicosanoids that modulate inflammation and vaso-reactivity (44) .
The induction of a strong AhR-like response in endothelial cells was somewhat unexpected. We sought to confirm AhR signal transduction through evaluating nuclear translocation and demonstrating transcriptional activation of AhR-responsive genes in an established hepatocyte luciferase reporter assay. Our findings demonstrate AhR nuclear translocation by immunofluorescence in HAEC exposed to summer source APM. Similarly, APM from both summer and winter sources were positive in the AhR-dependent reporter gene assay. Activation of AhR response pathways also potentially affects stress response pathways through interaction with REL-B, a member of the NF-B family (69) .
The interlocking networks of cytokine and stress response proteins upregulated in APM-treated HAEC led us to examine whether inhibition of specific PM components would alter the responses or delineate their relative importance. We compared the effects of inhibition of the AhR pathway, intracellular antioxidant supplementation, and endotoxin binding by pol B on AhR, SAPK/JNK, and NF-B-related gene transcription. ␣-NF, a selective inhibitor of AhR, predictably inhibited transcription of CYP1A1 but had no effect on the inflammatory gene CCL-2. Surprisingly, AhR-responsive genes TIPARP and PTGS2 were increased by ␣-NF treatment, suggesting these genes have a more complex relationship with other signaling pathways. We found resveratrol suppressed CYP1A1, TIPARP, PTGS2, and CCL-2 gene expression. While the broad spectrum of inhibition would not be unexpected given the dual role of resveratrol as an AhR antagonist (7), as well as inhibitor of Nox-based reactive oxygen synthesis, the suppression of inflammatory cytokines suggests a role for active oxygen in signaling their expression. Inhibition of endotoxin by pol B had no effect on AhR-responsive genes or on endothelial stress response genes but did inhibit both inflammatory cytokine gene responses. This suggests a selective role for endotoxin carried by APM in the induction of inflammation and recapitulates a similar selective proinflammatory effect our laboratory previously demonstrated in isolated human monocytes (10) .
In summary, gene response patterns to collected APM suggest a complex relationship between PAH responses, oxidantassociated stress responses, and synthesis of proinflammatory mediators by vascular endothelium. Results of this study and others in the recent literature support a developing hypothesis that connects PAH exposure, AhR responses, and oxidative stress with proinflammatory consequences. A schematic diagram of AhR signaling pathway activation by APM exposure in HAEC is presented in Fig. 10 .
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